The effect of the inaccuracy of the input func tion on CBF measured by the H2150 autoradiographic method was investigated. In H2150 autoradiography the measured input function usually includes a larger disper sion than the true input function, as well as the absolute time axis having been already lost. The time constant of the external dispersion that occurred in our continuous sampling system was evaluated as 10-12 s when the dis persion function was approximated by a monoexponen tial function. The internal dispersion occurring in arterial lines in a human body was evaluated as 4-6 s. Such dis persion, indispensable in a patient study, was found to produce large errors in calculating CBF, e.g., 5(10) s of the dispersion caused + 15(33) and + 10(20)% systematic
overestimations for the 40-and 60-s accumulation time, respectively. An analytical correction employing an in verse Laplace transform was applied to clinical CBF studies, and the results were compared with those from the CI502 steady-state inhalation method. Correction by 10 s in time constant, corresponding to the external dis persion, reduced the overestimation significantly from 70-100% to �20%. Further correction by 5 s, corre sponding to the internal dispersion, resulted in a negli gible difference (less than a few percent) from the steady-state method. Key Words: H2150 Autoradiog raphy -Dispersion -Partition coefficient-Positron emission tomography.
Several investigators have made the following observations in HPO autoradiographic studies: (a)
The CBF obtained by H2150 autoradiography fol lowing a single breath of C1502 was significantly greater than that obtained in the steady-state method (Kanno et aL, 1984) . (b) The CBF values obtained by H2150 autoradiography changed as a function of the accumulation time Ginsberg et aL, 1984) . (c) The partition coeffi cient obtained by an H2150 single-injection study was unexpectedly small (Depresseux et aL, 1983; Huang et al., 1983) . Some of them interpreted these phenomena as an inaccuracy of the model, such as diffusion limit and/or smaller water-exchangeable volume (Huang et aL, 1983; Ginsberg et aL, 1984; Kanno et al., 1984) .
In the H2150 autoradiographic method, it is nec essary to measure the true input function as well as the tissue activity. It is, however, difficult to obtain exactly the true input function in a human study.
We usually use the data sampled from the radial ar tery instead of the carotid artery. Moreover, the blood-sampling procedure may add another factor to degrade the quality of the measured input func tion. Thus, a measured input function includes larger dispersion than the true one; in addition the absolute time axis has already been lost. There has not yet been work to investigate many of the influences of the inaccuracy in the measured input function on CBF calculation. It is necessary to demonstrate the error propagation of the input function relevant to the HZ150 autoradiographic method. This study was intended to investigate the effect of the inaccuracy of the input function in cal culating CBF by the HZ150 autoradiographic method. The degree of dispersion of the arterial curves and the CBF errors were evaluated in typ ical clinical studies. A correction method for the dispersion and its effect is also described.
THEORY CBF calculation
The theory of H2150 autoradiography for the measure ment of CBF is based on the principle of inert gas ex change between blood and tissues developed by Kety (1951 Kety ( , 1960 . If a tracer is assumed to be ideally diffu sible. the tracer kinetics in a small-volume element of tissue can be modeled mathematically by using an ideal compartment. According to the single-compartment model, the rate of the change of [Is0]water radioactivity in tissue at time t can be related to blood flow f (mUmin/ g), extraction fraction m, partition coefficient p (ml/g) , tissue concentration Cj(t) (f.LCilg), and blood concentra tion Ca(t) (f.LCi/ml) as
where Clt) and Ca(t) are already corrected for radioactive decay. Solving Eq. 1 about Cj(t) gives
where k = m flp, Cj(t = 0) = 0 is assumed, and the as terisk denotes the convolution integral.
Integrating both sides of Eq. 2 for a time duration (tl. t2) gives
The left side of Eq. 3 is given by a measured PET image accumulated during (tlo (2), and the right side is calculated beforehand using the measured Ca(t) and tabulated for various ks values. A table lookup procedure for the left side into the right side finally gives a unique rate constant k in our current time scale (Howard et aI., 1983) . Hence, the CBF can be calculated from
when the values are given for p and m.
Dispersion correction
When the observed arterial curve Ca(t) is dispersed by a known dispersion function d(t), the dispersion effect can be analytically corrected by employing the inverse Laplace transform in calculating the integrals of Eq. 3 (Kanno et aI., 1984) . The following terms were assumed:
and get), respectively
The true input function Ca(t) can be expressed as
Inserting Eq. 5 into Eq. 3 gives
When the dispersion parameter T is known, the unique rate constant k can be calculated by the table lookup method described above.
Partition coefficient
The following relation must be satisfied concerning the partition coefficient. Using Eq. 1, k is expressed as
In Eq. 7, k should be a constant value; therefore, the de nominator must be equal to zero when the numerator is zero. Since we usually observe a peak in the tissue ac tivity curve following an intravenous bolus HPO injec tion, the partition coefficient p is given as a ratio of Cj(t) to Ca(t) at the time that the tissue curve Cj(t) has reached the peak:
at peak.
SIMULATION
A simulation study was performed to evaluate the ef fect of the dispersion on CBF. We approximated the dis-persion function d(t) simply as a monoexponential func tion:
where 'T denotes the time constant of the dispersion. The measured arterial curve g(t) and the true one Ca(t) are therefore related as
In this simulation the input function used was
where R(t) is a rectangular pulse of 5-s width. First, we calculated tissue activity curves Ci(t) and dispersed arte rial curves get) according to Eqs. 2 and 10, respectively, and given flow values and dispersion time constants were varied. Second, calculated flow values were obtained using Ci(t) and get) for various scan durations (t1 = 0, t2). The dispersion effect for different shapes of the input function was similarly simulated by employing the fol lowing input function with various peak time tp:
constant
Differences between the assumed and calculated CBFs were examined as a function of the accumulation time of CJt), i. e. (t1 = 0, t 2 ).
METHODS

CBF measurement by PET
H2150 was synthesized by an in-target direct method similar to a hot atom reaction. A target gas was directly sent to an automatic H2150 injection unit in the PET room and trapped by bubbling into a saline-filled vial. The in jection dose in millicuries was determined by 0. 4 times body weight in kilograms. An intravenous injection of H2150 in 5 ml saline via the antecubital vein was com menced within 2-3 s and followed by a IO-ml saline in jection to sweep out radioactivity staining in the vein.
Arterial radioactivity concentration was monitored by detecting [3-rays emitted from the arterial blood using a plastic scintillator. The arterial blood was withdrawn with a constant speed of 5 mllmin via a manometer tube of 1.0-mm inner diameter. The tube was connected via three three-way taps to the catheter inserted into the radial ar tery. The manometer tube was coiled in � 2-cm diameter and taped on the [3 detector at a 40-cm distance from the catheter end. The three-way taps were used for blood sampling in the steady-state measurements, for flushing blood in the radial cannula, and for monitoring arterial pressure.
The counting rates of the PET detector ring and the [3 detector were fed to the computer in real time. Using these time-activity curves, we adjusted the time axes of the two curves so that the rise points agreed with each other. Since the curve of the PET detector ring and Ci(t) were obtained in real time, we could therefore compare the curves Ca(t) and Ci(t) on the same time axis.
Brain radioactivity concentration was measured using the HEADTOME-III (Kanno et aI. , 1985) in three pa tients. The scan was started 15-20 s after the H2150 in jection. Twenty sequential images at IO-s intervals were J Cereb Blood Flow Metab. Vol. 6. No.5. 1986 measured. Using these dynamic images and the arterial radioactivity curve, CBF was calculated for various choices of the scan end time t2 (t1 = 0), where both the partition coefficient and extraction fraction used in Eq. 4 were unity. Thus, the influence of the accumulation time on CBF was evaluated.
To compare the CBF obtained by this autoradiographic method with CBF by the steady-state method (Fracko wiak et aI. , 1980), we also carried out the steady-state measurement for the same patient prior to the auto radio graphic measurement. These two measurements were performed under the same physiological conditions.
Measurement of dispersion
The degree of the dispersion in the observed arterial curves was evaluated empirically. One of the components of the dispersion would be caused externally by the sam pling system. We measured a step response of the 13 de tector as the external component. U sing human blood and the same configuration as our patient study, the de gree of dispersion was evaluated with varying withdrawal speeds. The response function, which was defined by the Ii-function response, was obtained by the form of the first derivative of the step function response.
We also evaluated another factor of the dispersion that would have occurred internally in the artery before the sampling. This internal component was evaluated by careful comparison of the arterial curves with time activi ties of the left ventricle following the intravenous injec tion of H/50 in the cardiac study. In these studies the arterial curve was measured under the condition that the withdrawal speed was high enough (20 mllmin) to have a negligible effect on the external dispersion. The time activity of the left ventricle was measured by PET every 5 s.
RESULTS
Degree of dispersion
The time constant of the dispersion function in our sampling system was roughly evaluated as 10-12, 5-6, and 1-2 s for the withdrawal speeds of Results of the simulation of the dispersion effect for various shapes of input functions. a: Shape of three input functions used in the sim ulation. Input functions were defined by Eq. 9. Dotted, solid, and dashed lines correspond to the peak time tp of 1, 10, 60 s, respectively. b: Accumula tion time dependence of the calcu lated flow for the three input functions described in (a). True flow value of 50 mllmin/100 9 was assumed.
Effect of dispersion
Ca(t) =tp. t. e-t / t p t p
-----60 sec was adjusted to be coincident with each. The ratio of Ci(t) to Ca(t) at the peak of Cj(t) was �0.5. Figure   7 shows the tail part of the deconvolved arterial curves by the dispersion function of Eq. 9. The dashed and dotted curves in 
DISCUSSION
Partition coefficient
If the tracer is perfectly diffusible and the mea surement is truly correct, at the peak of Cj(t), the If the tracer is completely diffu sible, the ratio of the tissue activity must be equal to the par tition coefficient at the peak of the tissue curve. Measured Cj(tJ-to-deconvolved Ca(t) ratio at the peak of Cj (t) for gray matter. Errors were due mainly to the ambiguities of the peak identification of Cj(t) and to the misalignment of the time scale.
1939; Herscovitch and Raichle, 1985) . (1981) and , it should be recognized that steady-state CBF is always underestimated owing to tissue het erogeneity (maximum 18% at almost equal mixture of two components). On the other hand, as shown by Raichle et al. (1983) and Kanno et ai. (1984) , this underestimation is less for the autoradiographic technique (maximum 9% for 90-s accumulation at equal mixture of gray and white matter). Therefore, the tissue heterogeneity effect would be another source to produce higher auto radiographic CBF values than in the steady-state method. This effect would also produce the accumulation time depen dence in the calculated auto radiographic CBFs.
About a 10-20% increase would be expected for the CBF at an extremely short accumulation period from that for a steady-state method, if gray and white matters were equally mixed . Therefore, even the worst case of tissue heterogeneity effect that corresponded to a few seconds of the dispersion time constant might be superseded by the dispersion etfect (see Fig. 3a ).
The effect might explain part of the overestimation (Kanno et aI., 1984) and the accumulation time de pendence. If the measurements were performed by a low-resolution imaging device, this effect might become nonnegligible.
Arterial blood sampling
In our continuous withdrawal system, the ex ternal dispersion was caused by the long distance (40 cm) between the catheter and the detector and by the three three-way taps. With respect to the dispersion, a shorter tube system without three way taps might be better. Such a system, however, is difficult in clinical use in order to keep the proce dure safe. On the other hand, the alternative possi bility of reducing the dispersion by increasing the withdrawal speed of the blood sampling would be also difficult from a clinical point of view in se verely ill patients. Moreover. it was found that the internal dispersion also should not be neglected.
Thus, the dispersion correction is indispensable in the H2150 autoradiographic study, even when one uses a manual discontinuous sampling.
The reason why we used the continuous with drawal instead of the manual discontinuous sam pling system was that the former was more reliable and reproducible than the latter. It might be easier to guarantee the dispersion time constant for the former than the latter. For the use of the manual sampling system, we should take into account that the dispersion component occurred not only in blood vessels but also in the tube volume between the catheter and syringe. Analytical correction of the dispersion was more properly applicable in our tube sampling system.
Internal dispersion
In the present study the internal dispersion was evaluated by comparing the arterial curve with the time activity in the left ventricle as described. Figure 2 suggests that the blood vessels actually produced "the internal dispersion" that affected the CBF calculation. Thus, the internal dispersion could not be neglected.
The above discussion has obviously assumed that there was little or no dispersion in the blood vessels to the brain. If nonnegligible dispersion exists in arterioles and capillaries, our correction factor might be somewhat overestimated. The de gree of dispersion that occurred in smaller arteries to the brain should be checked elsewhere.
Dispersion correction
We made the dispersion correction by using a fixed time constant (15 s) that was previously de termined from experiments. This time constant might have the following ambiguities: (a) The ex ternal dispersion in the tube system depends not only on the withdrawal speed but also on another hemorrheological factor such as hematocrit (Takagi et aI., 1984) . Indeed, the measured time constants
were varied within about ± 10% for different pa 
Accuracy of the PET measurement
We should address here the accuracy of the mea surements under the high initial cranial count rates produced following the intravenous bolus injection of H2150. In the Headtome-IlI the measured events were corrected for random coincidence and the dead time with hardware (delayed coincidence) and software algorithms, respectively. The difference between the corrected "true" and the ideal "true" event rate has been guaranteed to < 1 % up to 50 kilo-cps of the measured "true" event rate (Kanno et aI., 1985) . Since a typical measured "true" event with 60-kg patient is at maximum a few tens of kilo-cps, the inaccuracy due to the random coinci dence and the dead time would be negligibly small.
To check the total measurement system, a phantom study was carried out under the same conditions as the patient study. To tally 3 mCi H2150 in 5 ml water was injected into the inlet tube, which supplied water to the phantom, with a shape similar to the arterial curve observed in patient studies.
The phantom size was 18 cm in diameter and 13.5 cm in length. A water pump was installed in the phantom and circulated the water at a rate of 12
Llmin to realize instantaneous equilibrium in the phantom. The input function was measured by using a 13 detector under the same configuration as in the patient studies. The withdrawal speed was high enough to be negligible of the dispersion due to the tube «1 s). The water flow obtained by the In cardiac studies problems of high count rate were more severe, but the accuracy of the mea surement was sufficient in the phase after the right ventricle, relevant to the evaluation of the internal dispersion. The precise procedure and the accu racy of the measurements will be discussed else where.
Time shift between Ca(t) and Clf)
Another practical problem that might degrade the quality of the measured input function is the ambi guity of the relative time axes between Ca(t) and Cj(t). Our procedure for adjusting these times axes, 
